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I. INTRODUCTION

The Los Alamos National Laboratory is interested in the pressure
g~nerated by projectiles as they penetrate different weapon ma~erlals.
Small projectiles in complex structures inherently cause nonplanar
pressure waves, and nonplanariiy causes severe problems i!lpressure
measurements.

Tnin carbon, ytterbium, and Manganin gages have been used
successfully to measure planar waves. In planar m~asurements,, the gage
element is placed normal to the incident stress wave. The stress wave
compresses the gage normal to its face, changing the gage material
resi!tivity and the resistance of the gage. This change in resistivity
has been well established and can be used to determine the amplitude of
the stress wave.

Nonplanar waves add another dimension to the problem. The nonplanar
wave compresses the gage normal to its face and compresses or stretches
the gage parallel to its face. The.gage responds to this second
distortion as would a strain gage. The resistance of the gage is changed
by both types of distortion. In nonplanar stress wave measurements, the
strain component must be unfo?decl from the total resistance change to
determine the resistance change caused by only the stress perpendicular
to the gagz face.

Nonplanar measurements have been made in the past. The simplest
technique is to place a Constantm strain gdgt? near the pressure sensing
element mri measure the strain. “l’heresistance chmge of the Constantan
strain gage is !
sensing element
problem with th
element has the

A more soph

ubtracted from the resistance change-of the pressure
to give the resistance change due to pressure. One
s technique is that it assumes that the pressure sensing
same strain gage fact~r as Constantan.

sticated technique was dt’veloped by Dynasen, inc., for
Lockheed. l They dcve”ioped a gage consisting of tw~ elements, ytterbium
and Lohm. They found Lohm to have pr~ctically no pressure sensitivity
and a strain sensitivity equal illamplitude but,opposite in sign to
ytterbium. By coml)ir!inga 25-ii ytt.erblum cl(w!nt in series with d 25-!1
Lohm elment, strain was intrinsically cal)cellcd. Any change in
res.isiance was due to the pressure sensitivity of the ytt~rbium (’lemcl)t,
The prolIleInwith thi~ gage is tl)c limitc’~pres:ur(’ rJngc lh,~t it covers,

l.orour mu~surcmunts, Ifangw)in anpc,~r(~dto hc more usefIIl t.l~,in
ytterbium bec~usc of its greeter prcs:ure capacity. To develop ,1
Mmyaf]in compensated gage, Los A1WI1OS let a contract. to l)yll~sct),!nc., to
derive the picznrcsistivity and stlmain factors uf ~~ngw]in ,uid(ollsLdlltal]
foils over a wicle range of combined p’.~s~ures and strdins. W(? also askrd
Uynascn to develop manufacturing procf!dures for superimposwl ,md
interlaced gage combinations as sllctwntn Fig, 10 Most (J1 ttleWol”k
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reported in Section II of this report was done by Dyndsen, and most of
the work reported in Section IiI was done by Los Alamos.

II. GAGE lESTING PROGRAM

Figure 2 shows the four mairl experimental arrangement> Dynasen used
in this program. Arrangements A, B, and C were tested with their
63.5-mm diam gas gun facility, operating at approximately 100 microns
ilg. Arrangement D was tested with a 22-cal. rifle at atmospheric
pressure. The projectile velocities were measured within 1% deviation
using an electrical contact probe technique and time interval counters.

A. Piezoresisti~ity Tests

Djmasen measured the plezoresistivity of Manganin and Constantan
foils with arrangement P,. Three Manganin and three Constantan gages were
mounted in the center of a target and subjected to a quasi-rectangula~
plane stress wave induced by the symmetrical impact of a free-rear-
surface, project ile-rmunted flyer disk. The targets and flyers were
6061-T6 alumlnum, brass, and tantalum. The pressure ranged from O to 200
kb.?rs. The pressure is obtained from the ;Hugoniot of the material and
the partic?e velocity. In the case of symmetrical impact, similar target
anq flyer materials, the particle velocity IS one half the impact
velocity. The Hugoniots of mat~rials used in these tests are shown in
Fig. 3, The results of the piezoresistivity tests are shown in Fig. 4.
The pi~zoresistivity of Cuostantan is positive, b~c its amplitude is
practically negligible compared with Manganin.

B. Conlpl”essionStrain lcsts--.——----.-.--..-—.--——.-

Thc arrangf’ment B in Fig. 2 was used to induce combined states of
stress and strdin on Manganin and Const3ntan c:er’:nts. The tdl”gels were
made Dy stretching six gages at 15°, 30°, 45°, GUn, 75°, and 90° with
respect to the impact face ml fillin~ them with a slow-curing cpuxy.
lhc epoxy resin uspd was Hysol ;J03S, and the curing ~gent ,ti~sHUO09Y.
The Hugoniot of this epoxy, shown in Fig. 3, is close enough to the
tlugoniot of Plexiglas that PlexiglJs flyers were used [0 produc(j
~jmmpt:-ical ilfipacts.

“Tl)ctcchl:iql)ucl)llsil;fedof iw~losing J sulticielltly IullgquLlsi-
rectanguldr pldllewave upon the epoxy tdr-yl?tt.hdtcllchg(]gewdb l.otJ~Iy
,)r)glllf~dI)ythe WJVC for dt leaS~ >cvcral micrusoconds. The P],ll)t?WdV(?

~roducct d comt.rorldflt of cwpre~sive strf:ss dcting IIOrmCIl mltl pdrdll(+l to
ed’:h Clr?mellt. The component parallel to the el(!m(!ntcompr(!ssivcly
strdins the clcmcnt. The chnrrgc of l-r~i~t,~nccof thr gaqe CJI1he
c(llculdtcd knowinq the material !lugoniut, the mdterial d(~nsity, lhc fIycr
plate velucity, thr gage anqle, Poisson’s ratio, ,lndthe str(lin P,lctorof
the gdge. Conversely, by medsuring the chdnqe ut r-vsistjll)cl~,tl](~
compressive strai.1 gdge factor W(IS(:al(:ulat~!dfron] thes~? ll~kl:..
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Figure 5 shows six oscil lograph traces from these Lests. Only in the
first trace is the pressure component greater til”~nthe strain component.
In the other traces, the strain component is grr:ater producing a negative
output. Figure 6 summarizes the re~ults from the compressive s+.rain
tests for Manganin and Constantan. The Itanganin strain factor varies
Detween O and 4% strain. The Constant~n strain factor appear’, to be
unaffected by the pressure f~eld.

c. Tension Tests—.— .

Dynasen used arrangement C shown in Fig. 2 to measure the st~te of
combined stress and tensile strain. Carbon, Manganin, aridConstantan
elements were imbedded near tileoutside radius of cylinc!rical Plexiglas
and aluminum targets. When ttlef?yer struck the target, a stress wave
was transmitted through the target, applying a stress ‘Iormal to tile
gage. The target then expdnded radially as relief wa},es formed,
straining the gages. The strdin was measured with tt’eConstallton gdye,
~nclthe pressure with the carbon gag~. The strai:) sensitivity of c~rbon
dI)d Itanqanio are compardule, but the pressure scnsit.ivity of cdrkon is

almost 20 times greater than Menganin. Thi> difference illprl?ssllre
jl:rlsltlvity lna~es the re13tiv6 strain error introduced in ttlecarbon gage
::,.~ctlsmaller than in a bidngdnin ydge, dnd &dSi~r to Correr;t. Knowing the
;ll.(:SSUredlldtile~iU/(.)1-d5i5tiVit~ (Jf !.~dng,]lliI), the pl-d~>silri~~~,mpun~flt of
triomltput,cdn I)eurItnlLli:rl,leaving cnly thi;~traill output. itle strain
!.):vp(mdnt,, Jiof-lcj wltll the :i@d!,M1.td “.tr”Jlll,w!!rII Lhcn ujrci to ralculdte

tfl,-:~tl-dill~clg~:fr):t~r fljl- kl(l~lgdliifl. ~lglll-u 7 bi]d~s \ix oscillograph
[:“(!r.t.’sfrom Lll!!:lt?tvSL2. II)(2 llppl+l- Lh’o Lt 4Ct:\ dl.1: 11-11:11 ~dl-~)();l (’]I?lIh?llt\

L!14L ~ind~l-CJO th~ gl. !?d L12SL Lh,IfIqe of rusist(lllcr!.TtI15~(,l)Lertwo trd~es
:1.I.Itr~)m:!allg(]llilldlI+meI!L:). Thu (Irst stl?p in tIIIIMi]rlq,ll)ln r,:cord is du~
to LIII?prIIssurI:WiiV(?; tllu Idtrr slope is due L() str,)inm TIIC lower two

tl’,l(.~’~,11-(’fl-tJlll ~(HlstfNltIlfl (?l L!lh!ll~s t~dt l-L’~llUlld i)fll.v tU thp ‘,tr~ln, ThP
!IIrIf,iIr:‘Jtr.llnr.v:}liltsJrI.s~lmm(,~izl’din t_il]. )?. TIIIIti~n~ill!~,tt-,]in
t .lf.l,l)t- l{!lIs >1 igt]tly IiIIIIIII- li;ll(oml)t.~:sslvt! ‘,tl.,:illi,IL.ltII., n’r !lr,:IIL)t

~.,:rtdirlwil(’1.tl!,rItlis t.!!>,ilt!,tI. iIIn ,1 11. IJC >It..]in t,;ltIIl IJI ,1 ;II, I-, In I.IIIJ
!,A[)I:I.l;ilf!l)t, ,

;4. ‘.lll ,1:11 I (ll’r’ l’{.! 111!1
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Tileresistance of a piezoresistive gag~ ,s a function of its length
and the surrounding pressure.

R = R(P,L)

T’lechange of resistance when the “Iellythand pressure change is:

d!l= (3R/ap)dP + (aR/aLjdl. (1)

where a is the piezor:?sistivity of Lhe g~ge and GF is t-hestri~iflgdqe
factor. Substituting Lhcsl- into l?qu~liollI givf?”;:

(II{i!{= adl]+ GFidL/L)

lntcgratil]gthis mqudti’in gives

ln(li/l{o)= ,],11)1 GFlt] (1./Lo)

N) (1/,1) ll)\l{/!!(’
ITll\“!j,,;l_”()_‘G1

01”

lot’ lq,ltlq,~llil~,1 ().U[)i’ 1:1 klJ,lv-‘ r[y)t’t).lu(”’,’,Lll~IhIIowII IN!IJ i’)l,llll(:~’ ‘.11,111(/!

VI! J”!; II., 1)’’(!ssllt’!’ (:111’VI’ V(!’”,v WI, I I . 1“(11’,.(11’bl)ll d (),().]!, ~1),1)’- I

I’(:l)t’l’litic(!h Lhi! cut-vu Idil.lyw(!II. II Lil(:!III!II.llIrljtII’i.lktl(jwIIIII(I
l~t-l!s(III-I?C,IIII)(!dl!lut’lllil~~!tllIy III[!JI.iIIt”il;tlLIII~I It-dillwilcll ,1 (; I) 11:,1, II II I, III I !I(I(I(!

dIIIl l,!]~! l,~)L,I 1 rI!~ i’ll.(wl(;l~ chdt]qll 01 t:l]~’ pt-[!i,~,li)sll ~i(!lli, ili{,l II I(!IHIIII1.

II, I l’(’qllt!ll(.y Ih!’,polls(!... .......... .
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a side. A nonplanar or obliquely incident wave subjects different.
portions of the gage to different pressures. The gage ou.put is a
function of the averag~ pressure over the gage. For example, a plane
shock front traveling parallel to the gage face at 6 nvnl~s takes 0.6 vs
to transverse the gage. Stress waves tr~veling at l~sser angles take
less time; stress waves traveling at lower velocities take mor~ time.
This effect needs to be considered when looking at the rise time of a
stress wave.

c. Field Test~——

tiehave used these Manganin-Constantan combination gages on several
field tests with fair success. We have ieen lower pressures in these
experiments than we had expected; most of the measured pressures have
been under 10 kbar. In this range the strain correction would be much
easier with carbon or ytt~rbium pres~ure sensing elements. We plan to do
further development on one of tile~ematerials in the near future.

To cover the full pressure range ano to add duplication, we have used
carbon and Manganin elements together in many of our mt,surements. The
Manganin element is normally part of a l)ynasen Mangdnin-Cunstcntan
combination gage arvelnped in this program. A ~~rbon gage is epoxica
directly ever the combination qage. The thickness of the package is
satisfactory because the rise +imes of the pressure waves that we are
measuring are relatively slow.

Most of Our pressure measurements have been in mock high explosive
(IIE)or lithiu:nhydride (salt). Figure 9 shcws what we call a mock HE
pres$ure instrulnentation package (PIP). The PIP is in the center, and
tilevarious gages that g ~nto the PIP are on the sides. Foui’ pressure
sensing devices are pres~nt in this PIP: a Manganin-Crnstantan
combination gage, a carbon gage, a piei’oelectric pin, and a twinliing
pellet. A Dynas(ll Manganin-Constantan combination gage is shown in
Fig. 10, Tbf:ki~z~’ :tictricpiflylve~ a signal Wll12il th(! pressure wdve

arrives at the pin. This helps to sort out actual pressure at tl~ecat-bin
md Mangdnili lLl~~’ cleml]ts from other induced noise. It also provid(’s dn
arr-ivdl time it’the other gage elements are lost. The twinning pellet is
made of inuot iron, which twins when it is subjoct~d to a pressure
gre~ter ttl~n7 kbar. Twinnilly is a slipp,]ue of the crystalline str~icture
wittlin grl]inboundaries. ond caflbc SCmI with a ,uicroscopc ~fter ttl~’
sample is Cht

Figu$.e 11

a Cat’l)ollgage
shows rrrults
~pprox iwtely

dnd polisllcd.

shaws o salt PIP USCCI illI.hcSJIIIQ tusto In this U,ISU (wly
was lis~d cilon~ with t’hc lJIrIand twilll]illg p~llt?t. }:iqutv? 12
from these PIPs. Allhough tticfirst pressure pulse of
3 kbar is low for the MJIIgaIIingage sensitivity, the

ngrecmcnt with lhe .irbcm gacy: is goud ,md strenglhws the credibility of
the measurm’’entt The agrr:emcnt at. later times is poor, but,J larg~r
pressure is masur~d by bolh yagcs. m salt pruss(Jrc tracv:,wrrc
corrcldtd i timo with a slightly Ilicjhurprcssurc,scm in Lile OutCr I’ll’,
as (?xpectudo
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used in PiRL tests.
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,,llother PIP dtsign shown in Fig. 13 was used to measure pressure
ortllugcmally. Two gages were mounted at right angles on the salt. These
wtit-esuperimposed gages with a fold~d carbon gage on one side and a
SO-.: Constantan strain gage on the other side. The gage is shown in
Fig. 14; results from a measurement of this type are shown in Fig. 15.
rtics iin on the axial gage is tensile from an expan~ing wave front.

The s in on the radial gage is compressive as it should be because the
gage I. perpendicular tG the pressure front.

The pressure 1s about equal on both axes at early times, indicating
ttlat the material is ~ctilg hydrodynamically. ,4: later times as the
stt-ain increases, the pressure measurement is less certain.

Iv, Summary

A I.lsefulgag~ has been developed for mt?asuriilg pressure of nonplanar

of- o!)iiqhcly incident.stress waves. The mcasurljments made with these
g,?gds are not ,)sprecise as direct strain gage measurements, but are very
L;U~Mjcollji(!cringthe conditio~s under which these gages are used. We
“ccl a flfIcdto furtncr develop our ability to measure nonplanar stress
i\’cl’/esin tilt!0- 10 khdl’ range. Carbrm or ,ytterbium will probably be
~ll~~i~nfor I.III? sl!nsil;g elt?mel]t.
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Another PIP design shown in Fig. 13 was used to measure pressure
orthogonally. Two gag-s were mounted at right angles on the salt. These
were superimposed gages with a folded carbon gage on one side and a
50-G Constantan strain gage on the other side. The gage it shown in
Fig. 14; results from a measurement of this type are shown in Fig. 15.
TIIIzstrain on the axial gage is tensile from an expallrlirtqwave front.
The strain un the radial gage is compressive tb it silouldbs because the
gafl~ is prrpenuicular to the pressure front.

lhe ~rcssure is about equal on both axes at early tim~s, itidicating
Lhat t.hcm,]terial is ?cting !Iydrouy:]a;llictilly. At latur times iisthe
~itrain ,ncr[!a~cs, the pressure m(hsurcununt is less certain.

! Iv. Summdry

_r-A LJsefUl gdg~ has F)eulldcvclop~d fur mLasuring prcssllrn of nonplanar
w- obliquely incident sLres!. wnves. Thr wca~urumlmts w~de with three
gagus arc IIOt ,Isprecisr as direct <tr?irl glIgI111(’ClSUrL:IIICIIt<9but are very
goud considuril]g LIIC conditiulls under wnich tiirsc gfigrs (II’C used, We
f(’ul a nrrd to fu)tilerd{svell)pour ahil~Ly to m“tisurc nonplandr stress
wolves in ttlr& 10 kl’dr rclllgf! , [Iiirt)on or ytl[?rbium will prc)bihly be

LIIOSI’11 for lhr: ‘;l.:llsirlq (!l(IIIQnt, ,
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